ABSTRACT: The nanoporous and tunable nature of metal− organic frameworks (MOFs) has made them promising adsorbents for water adsorption applications such as water harvesting and adsorptive heat pumps. In these applications, water adsorption properties in MOFs play a crucial role. However, understanding their structural defects and how defects influence adsorption thermodynamics remains limited to date. In this work, by employing Monte Carlo techniques and first-principle density functional theory calculations, we investigate the effect of defects on the water adsorption properties in MOF-801 structures at an atomic level. Our calculations show that the adsorption isotherm in perfect MOF-801 (without defects) greatly deviates from that measured experimentally. With the introduction of defects with a high density, a reasonably good agreement can be achieved, suggesting that a high defect density in MOF-801 may be responsible for its hydrophilic adsorptive behaviors. Further, water adsorption properties in MOF-801 structures are found to depend on the spatial configuration of defects, and water condensation in nanoporous MOF-801 is identified to occur preferentially along the ⟨110⟩ direction. Detailed structural characteristics (accessible volume, etc.) of MOF-801 structures and the adsorption energetics of water in the frameworks are also studied and correlated with the computed adsorption isotherms. Our findings reveal important insights into the role of defects, offering a microscopic picture to help facilitate the rational design of better MOFs for water adsorption applications.
■ INTRODUCTION
Metal−organic frameworks (MOFs) are an emerging class of crystalline nanoporous materials that have received considerable attention over the past decade. 1−4 Their controllable pore structures, 5 exceptionally high surface area, 6, 7 and decent thermal and chemical robustness 5 have made them promising candidates as adsorbents for a variety of energy-and environment-related applications. 5−10 Specifically, among a wide range of possible guest molecules that have been studied for their adsorption properties in MOFs, water adsorption in MOFs has received particular attention recently for waterharvesting and heat transformation applications. 11−15 A recent experimental study reported that 1 kg of MOF-801 is capable of capturing 2.8 L of water daily from ambient air at a low relative humidity level (∼20%) without any additional energy input. 11 MOFs have also been proposed as adsorbents for heat transformation applications, that is, heat pumps, thermal storage, and/or refrigeration 12−15 because of the large heats of adsorption together with high adsorption capacity. 16 As attention around water adsorption applications using MOFs continues to grow, an improved atomic-level understanding regarding the water adsorption properties in MOFs is of critical importance toward the continued rational design of MOFs with enhanced performance.
One important aspect of MOFs is their structural defects, which can be potentially exploited and designed to engineer materials properties and therefore enhance their performance in a given application. 17−19 Although using MOFs as water adsorbents has drawn increasing attention, understanding the effect of structural defects on their water adsorption properties remains limited. As an example, one of the most heavily studied water-stable MOFs, UiO-66, is prone to possess a high defect density of ∼1/12 (i.e., two missing linkers per unit cell). 20−26 Although the presence of defects may not be ideal for the thermal and mechanical stability of MOFs, 21, 24 it has been demonstrated both theoretically 27 and experimentally 26, 28 that defects can increase the hydrophilicity of MOFs, leading to enhanced water adsorption properties. Yet, it remains generally unclear how the spatial configuration of defects will affect the water adsorption properties. In addition, little is known at the microscopic level about the water adsorption process inside MOFs that contain defects. Accordingly, we aim to shed light on the effects of configuration and density of defects on the water adsorption properties. Specifically, we focus on MOF-801, 11, 29, 30 another water-stable MOF structure, that has been studied previously for its promising water-harvesting ability as introduced above. MOF-801 is a zirconium-based MOF with a chemical composition of Zr 6 O 4 (OH) 4 (fumarate) 6 (i.e., in the absence of defects, denoted as perfect MOF-801 structures). MOF-801 may also possess defects as discussed in the work of Furukawa et al. 30 This is also reflected on the results of the elementary analysis, where the carbon and hydrogen element percentage of the synthesized samples after activation was found to be lower than that of perfect MOF-801 structures. 30 In this study, state-of-the-art Monte Carlo simulations in the grand canonical and canonical ensembles are employed to show that the water adsorption in MOFs occurs primarily near defect sites and with a growing number of defects, the MOF becomes more hydrophilic. This observation is supported by the calculated adsorption energetics (intermolecular interactions) of water with defective MOF structures. At a defect density of 1/6 (four missing linkers per unit cell in MOF-801), the simulated water adsorption isotherm resembles the experimentally reported 30 one reasonably well. Furthermore, a detailed investigation of the spatial arrangement of defects indicates its profound effect on the water adsorption behavior, and preferential water adsorption sites are observed in the ⟨110⟩ directions of the MOF-801 crystal. Depending on the defect configuration, the density of the adsorbed water phase in MOF-801 can vary considerably, which, in turn, affects the maximum adsorption capacity of the MOF structure.
■ COMPUTATIONAL DETAILS
In this study, a perfect MOF-801 crystal and five illustrative MOF-801 structures with different defect densities and/or configurations as shown in Figure 1 were systematically investigated. The particular type of defects focused herein is the missing-linker defects. We considered defect densities varying from 1/24, 1/12, to 1/6, corresponding to 1, 2, and 4 missing linkers per unit cell, respectively (denoted also, respectively, as def1, def2, and def4). To obtain insights into the effects of spatial defect configurations on water adsorption properties, three structures with two missing linkers in different arrangements (i.e., def2_90, def2_180, and def_par, see Figure  1 ) were constructed and studied. We note that the particular def4 structure investigated in this work was built based upon an observation made from def2_180, where the clustering of water was found to be facilitated when linkers were removed along the ⟨110⟩ direction (see below for details). To further promote the condensation of water, two additional linkers were therefore removed along this direction, resulting in a highly symmetric def4 structure. For all of these structures with missing linkers, hydroxyl groups were attached to ensure charge neutrality. The atomic structures for all defect structures were relaxed using first-principle density functional theory (DFT) calculations implemented in the VASP software. 31−33 Projected augmentedwave pseudopotentials 34, 35 were used with the generalized gradient approximation using the Perdew−Burke−Ernzerhof functional. 36, 37 A plane-wave cutoff energy of 800 eV was used with a self-consistency convergence criterion of 10 −4 eV and an ionic relaxation criterion of 10 −3 eV/Å. As the unit cell is relatively large (i.e., ∼18 Å), single gamma-point DFT calculations were carried out. For simplicity, all MOF structures have the same cubic lattice with a cell length of 17.8348 Å in each direction as experimentally determined in the previous work. 30 The coordinate information of all structures and the corresponding unit cell formulas can be found in the Supporting Information.
Gas adsorption isotherms in MOFs were calculated using Monte Carlo within the grand canonical ensemble (i.e., GCMC simulations) as implemented in the RASPA package. 38 The interatomic interactions are described with 6-12 Lennard-Jones (L-J) and long-range Coulomb interactions. The L-J potentials were truncated and shifted to zero at a cutoff distance of 12 Å, whereas the long-range Coulomb interactions were computed using the Ewald summation technique. 39 The L-J parameters for the framework atoms were modeled using the DREIDING force field 40 except for the zirconium atoms whose parameters were instead from the universal force field (UFF). 41 The partial charges for the MOF atoms were determined by the REPEAT algorithm 42 using electrostatic potentials obtained from the aforementioned first-principle DFT calculations. Water molecules were described by the TIP4P-EW model. 43 In the calculations for each structure, a supercell comprising 2 × 2 × 2 unit cells was used, ensuring the simulation box to be of at least twice the cutoff radius along each crystal direction. To compute P/P 0 in all the water isotherms presented in this study, the saturation pressure, P 0 , is set to be 3750 Pa at room temperature, 44 according to the computed vapor pressure using the TIP4P-Ew model. The GCMC calculations were carried out for a pressure range of 1−3750 Pa at 298 K. NVT calculations (Monte Carlo simulations in the canonical ensemble) were also performed to investigate the interaction energies and water adsorption configurations of the system at a given adsorption loading. For these NVT simulations, initial configurations were adopted from snapshots of GCMC simulations.
■ RESULTS AND DISCUSSION
The computed water adsorption isotherms for perfect MOF-801 and MOF-801 with defects, along with the experimental data reported in the literature, 30 are summarized in Figure 2 . Green polyhedra represent the metal clusters, whereas missing linkers are highlighted in red. The relative position of the missing linkers is schematically illustrated in cubic boxes. The first number in the structure name indicates how many linkers were removed per unit cell (e.g., def2: a MOF-801 structure with two missing linkers per unit cell). Additionally, the notations after the underscore refer to different relative configurations of the defects (i.e., par: defects are perpendicular to each other and located in different planes, 90: defects are perpendicular to each other and located in the same plane, 180: defects are in parallel and located in the same plane).
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The calculated water isotherm in the perfect crystal shows a large deviation from the experimental measurement. A gradual increase in adsorption uptake starting at around 40% partial pressure was found in contrast to a sharp condensation at 6% relative pressure observed in experiments. Moreover, its maximum adsorption uptake value was calculated to be 26% smaller than that of the experimental value. The discrepancy between simulation predictions and experimental measurements is substantially reduced when defects are introduced, demonstrating that defects in MOF-801 indeed play a crucial role in its promising adsorption properties. As the number of defects increases, the maximum water adsorption uptake increases and the isotherm tends to shift to the left (i.e., stronger adsorption affinity to water) as shown in Figure 2 , indicating a more hydrophilic nature. This also suggests that the characteristic of water adsorption isotherms in MOFs may be used to probe their structural defects, in agreement with that reported in the work of Dissegna et al. 26 Increase in hydrophilic behavior can be attributed to the interaction between water molecules and the hydroxyl groups attached onto metal nodes when defects are introduced. Although all studied MOFs with defects still appear to possess more hydrophobic characteristics with a lower uptake as compared to the experimentally determined isotherm, the simulated isotherm of MOF-801 with the highest density of defects (i.e., def4 that has a defect density of 1/6, representing four missing linkers per unit cell) is in decent agreement with the experimental one. A steep increase in the water adsorption of the def4 sample occurs at around 10% relative pressure and the uptake goes up to 92% of the experimental value at a high relative pressure. At this point, it is important to note that some uncertainties may be involved in the comparison between experimental measurements and our simulation results. First, experimental measurements of water isotherms have been known to be challenging because of, for example, inconsistencies of the structures from the synthesis process, the possibility of slow dynamics inside the framework, and difficulties in precise control over the vapor pressure. 45 As a specific example, the isotherm measurements of water adsorption in Mg-MOF-74, an open-metal-site MOF, reported in the literature show a wide range of uptake values. 45−48 Next, we have only considered one type of defects (i.e., missing linkers with hydroxyl terminals), whereas other forms of defects may possibly exist as well. For instance, it has been reported that structural defects may also result in unsaturated metal sites. 49−51 With the presence of unsaturated metal sites, the adsorption strength of water at the low-pressure region may be substantially enhanced. 45 Additionally, no molecular potential has been specifically developed to date to model this particular system, and therefore, parameters from generic force fields including DREIDING 40 and UFF 41 were adopted in this study. It has been recently demonstrated that accurate force fields for describing gaseous adsorption in MOFs can be achieved by using ab initio calculations. 52−54 To accurately describe water molecules adsorbed onto MOFs, interaction energies between water and a variety of MOFs (such as MOF-74 and CuBTC) calculated by DFT have been used as references to parameterize potential parameters. 45,55−57 However, such a detailed potential development is out of the scope of this work and can be an important subject of future studies. Finally, the nature of water simulations in porous materials requires a considerable amount of time (i.e., calculations take several months), and it is therefore difficult to ensure that global equilibrium has been achieved. A recent study demonstrates that advanced Monte Carlo schemes such as continuous fractional component Monte Carlo 58 can notably speed up the calculations for water adsorption isotherms, which may potentially help address such difficulty. 59 Overall, considering all the aforementioned uncertainties, the qualitative agreement between simulations and experiments achieved herein can be considered quite good. For those samples with fewer defects (i.e., def1 and def2), their predicted isotherms exhibit some minor differences. Among the def2 samples, def2_180 shows the highest uptake, whereas def2_par and def2_90 samples show a comparable amount of uptake. The effects of density and spatial configuration of defects on adsorption thermodynamics are discussed in greater detail below.
The increased hydrophilicity with the presence of defects can be primarily attributed to the increased Coulomb interaction from the hydroxyl terminal group at the defect sites. Figure 3 compares the host−adsorbate (denoted as H−A between the adsorbed water molecules and the framework) interaction energy of the perfect MOF-801 and def1 structures as a function of adsorption uptake. For the perfect structure, the van der Waals (vdW) and Coulomb contributions of the H−A interaction are similar and remain relatively constant at uptakes The Journal of Physical Chemistry C Article ranging from 0 to 25 wt %. With the introduction of defects, the Coulomb contribution to the H−A interaction energy notably increases, in particular in the low-loading region (i.e., becomes more favorable) with a slight trade-off in the vdW interaction. At a loading of less than 2 wt %, the H−A Coulomb and total interaction energies in def1 were increased by more than 3-and 2-fold, respectively, compared to that in perfect MOF-801. This enhanced interaction upon introducing structural defects can provide a stronger adsorption affinity, which has been also reflected in the computed adsorption isotherms. When the defect sites are saturated with increased loading, the H−A interaction energy (i.e., mainly from the Coulomb contribution) begins to drop and remains fairly consistent with that in the perfect structure in the high-loading region. The H−A interaction energy in the high-loading region is, however, still more favorable in def1, given a portion of the adsorbed molecules can still interact stronger with the framework defects. Similar observations can be seen for other defect structures (see Supporting Information, Figure S1 ). The maximum water loading in MOFs is directly related to their performance in water adsorptive applications (e.g., a higher saturation uptake would enable a large energy density of water adsorptive heat pumps). 16 To better understand the underlying mechanism behind the varying maximum loadings for different structures shown in Figure 2 , a structural analysis was performed. Figure 4a ,b shows, respectively, the wateraccessible volume ratio and surface area for the perfect and defective structures of MOF-801. The water-accessible volume ratio, shown in Figure 4a , was determined by investigating detailed water adsorption configurations in fully loaded MOF structures. Specifically, atomic configurations obtained from GCMC calculations at ∼0.93 P/P 0 were used as starting points for NVT simulations. Approximately 8000 uncorrelated adsorption configurations were obtained from NVT simulations and superimposed. We divided the unit cell into 18 × 18 × 18 voxels (i.e., the dimension of each voxel is approximately 1 × 1 × 1 Å 3 ) and analyzed if each voxel can be accessed by the oxygen atom of water molecules from the superimposed ∼8000 configurations. The total water accessible volume ratio can then be calculated for each MOF structure. Using this water accessible volume is expected to provide an accurate representation for the available space in structures that is directly accessible to water molecules. The surface area was computed by using nitrogen as a probe molecule to geometrically roll over the internal surface. 60 Interestingly, although the accessible free volume has been generally regarded to correlate well with the maximum adsorption uptake (or the uptake in a high-pressure region), 61 ,62 the water-accessible volume ratio shown in Figure  4a does not correspond to the maximum loading values found in the adsorption isotherm results as given in Figure 2 . The maximum loading increases as per < def1 < def2_par = def2_90 < def2_180 < def4, whereas the accessible volume instead follows the sequence of def1 < per < def2_180 < def2_90 < def2_par < def4. The accessible volume of def1 is found to be surprisingly smaller than that of perfect MOF-801 as one would intuitively anticipate that structures with defects would offer a larger available space for adsorbates. Additionally, a notable variation in the accessible volume was found in the def2 samples, although they have the same defect density. These unexpected results may be attributed to the inherently stressed structure of MOF-801. Because of the asymmetric organic ligands, an internal stress is present inside the framework and the metal clusters are slightly tilted. When a linker is removed, the force balance is disrupted, which consequently leads to a distortion of the structure (e.g., the position of metal nodes is shifted). A schematic representation of this effect can be seen in the Supporting Information, Figure S2 . As a result, the removal of linkers results in a counterintuitive change in the pore volume. Similarly, it was found that the surface area, shown in Figure 4b , was also unable to explain the trend in the maximum adsorbed uptake. The surface area displays a general increase with the increased number of defects. Removing linkers will reduce the surface area contribution from the linkers, but an additional surface exposure of the metallic nodes which were originally covered by the linkers will be gained. For longer linkers, the loss of surface area from the organic linkers is more likely to outweigh the additional exposure of the metallic nodes. However, in the case of MOF-801, the linkers are small enough that the exposure of the metallic nodes is greater. For structures of the same defect density, a relatively small variation between the three studied def2 samples was observed and this can be The Journal of Physical Chemistry C Article again attributed to the structural distortions. We note that the choice of using N 2 as the probe molecule would also allow the above-reported geometrical surface areas to be compared with future experimental measurements, offering a potential means to characterize the synthesized samples that possibly possess different defect densities and/or spatial configurations. Assessing the surface area of microporous MOFs using the BET method with N 2 has been the state-of-the-art approach, which also generally yields consistent surface areas as compared to that determined geometrically by rolling a probe molecule over the internal surface. 63−65 For water adsorption in materials, as discussed above, these two commonly used geometrical features are unable to predict adsorption properties. To understand the variation in the saturated loading, we have therefore further computed the density of the adsorbed water phase, shown in Figure 4c , by the total water-accessible volume and the maximum loading at a ∼93% relative pressure for each material. Surprisingly, the density of adsorbed water in different materials was found to differ by as much as 20%. The corresponding total interaction energies of adsorbed water molecules were also computed as given in Figure 4d . Although comparing the density of the adsorbed water (Figure 4c ) to its total interaction energy (Figure 4d ), a strong positive correlation was observed, indicating that the enhancement in the interaction energy of water molecules due to the introduction of defects has led to a much denser water phase. With such energetic information together with the geometric characteristics at our disposal, the trend in the saturation adsorption update can be now wellexplained. For instance, although the structural distortion of def1 has led to a smaller total available water-accessible volume compared to the perfect crystal, its enhanced interaction energies with a denser adsorbed phase resulted in an overall higher maximum uptake. Our results suggest that an optimization of the surface chemistry providing a better stabilization to the adsorbed water phase may be a key to enhance the adsorption capacity. At this point, it is important to also discuss the profound effects of the spatial defect configurations on their water adsorption characteristics. From the adsorption energies of water in def2 structures with different arrangements, the def2_180 shows the largest total interaction whereas def2_par and def2_90 possess lower and relatively similar total interaction energies. We found that with the specific spatial defect arrangement in def2_180 (same in def4), large and continuous hydrophilic defect channels along the [110] direction can be formed. Such hydrophilic channels provide strong interactions with water molecules as well as facilitate the clustering of water molecules, creating a more condensed phase compared to other defect configurations. A schematic presentation of the hydrophilic channels can be found in Figure S3 of the Supporting Information. Figure 5 shows the interaction energies of water adsorbed in each structure as a function of water uptake. The total interaction energies are decomposed into two components: H− A and adsorbate−adsorbate (denoted as A−A, interactions between water and water molecules). In general, as mentioned previously, all defect samples show a notably more favorable H−A energy compared to the perfect structure at a low loading (i.e., low-pressure region), indicating strong interactions from the more hydrophilic nature of the structures with defects. Among all samples, def2_180 offers the strongest interaction energy between the host material and the adsorbate molecule followed by def4. At a low pressure, one would expect that the defect structures with stronger H−A interaction would simply exhibit greater adsorption. 66, 67 Interestingly, comparing the uptake at low pressures from the isotherms and the interaction energy results, it can be seen that the H−A energy cannot explain fully the observed adsorptive behavior. This may be attributed to the fact that, even in the low-pressure region, the A−A interaction also contributes significantly to the adsorption behavior. As shown in Figure 5 , the A−A interaction energy in def2_par at a low pressure is more favorable than that in, for instance, def2_180. A−A interaction energies are primarily determined by the relative adsorption configurations between adjacent adsorbed molecules, depending on a variety of factors including, but not limited to, surface chemistry and pore confinement. A detailed investigation to understand the adsorption configurations of water in structures with defects and their configurational changes upon adsorption will be an important subject of future study.
Finally, the evolution of the water adsorption in MOF-801 as a function of relative pressures was explored at an atomic level with the water density contour plots for def1 and def4 structures shown in Figure 6 . The density of water molecules is examined by dividing the MOF structure into four areas along the z-axis (i.e., crystallographic c-direction). The thickness of each cross-section is 4.46 Å, 1/4 of the lattice dimension of the unit cell. In the def1 structure, at a low relative pressure of 0− 27%, water molecules as expected first get adsorbed near the defect sites because of the strong H−A interactions, forming local water clusters around the hydrogenated oxygen in the metal cluster. With the local water clusters formed near the The Journal of Physical Chemistry C Article defects, they further facilitate water adsorption at a lower relative pressure and lead to a sharper increase in uptake at a lower relative pressure as compared to that in the perfect crystal (see Supporting Information Figure S4 for the evolution of water adsorption in the perfect MOF-801 structure). Water molecules are preferentially adsorbed in tetrahedral channels along the ⟨110⟩ direction, and not all channels have equal water densities. This unequal water adsorption can be attributed to the heterogeneous energy surface because of (a) the presence of defects and (b) the position of the hydroxyl groups in the metal clusters (i.e., Zr 6 O 4 (OH) 4 ). When the adsorption gradually reaches full saturation, the remaining free pore volumes become filled. Similarly, for the def4 case, in the lowpressure region below 10% relative pressure, water molecules are also adsorbed first near the defect sites. However, the pores, specifically the preferential tetrahedral channels along the ⟨110⟩, are much more quickly filled up, and the condensation starts to occur at a lower relative pressure of 10%. In the def4 structure, all defects are placed along the preferential adsorption direction (i.e., ⟨110⟩ direction, see Figure S3 of the Supporting Information and the discussion above), resulting in large and continuous hydrophilic channels to allow a more uniform water adsorption along the defect sites and facilitate a rapid water uptake. It should be noted again that there exists a collective effect for the water adsorption in def4 as both H−A and A−A interaction energies contribute substantially to the adsorption. Same as that in def1, all pores are eventually filled up at a higher pressure.
■ CONCLUSIONS
The water adsorption properties of MOF-801 were investigated in this study. Perfect MOF-801 and MOF-801 structures with different defect configurations were examined to gain a comprehensive understanding of how the density and spatial arrangement of defects affect the water adsorption properties. Our work has shown that the experimental adsorptive behaviors can be explained through the presence of defects with the actual structure believed to possess a high defect density. With the increased number of missing-linker defects, MOF structures possess more hydrophilic characteristics (i.e., stronger initial adsorption strength and steep uptake occurring at a lower pressure). This can be mainly attributed to the increased H−A Coulomb interactions inside the defect structures. It was also found that the interaction energies of the adsorbed water inside confinements play an important role in determining their saturation adsorption uptake. Although the total free pore volume that is available to adsorbates has been generally regarded to correlate with the saturation uptake of adsorbates, varying degrees of energy stabilization for adsorbed water can result in a notable difference in its density (i.e., a difference as high as 20% was observed). This result suggests that, for applications such as water harvesting and heat pumps using MOFs, optimizing the surface chemistry by controlling defects via different synthesis approaches and/or tuning ligands may largely improve their storage performance. Additionally, our calculations indicate that, unlike other gases such as CO 2 and N 2 , the adsorptive behavior of water in the low-pressure region depends not only on the H−A interactions but also on the A− A interactions. Finally, a preferential water condensation was identified in the ⟨110⟩ directions of MOF-801, along the tetrahedral pore sites. When defects exist in this direction (e.g., def4 and def2_180), stronger adsorptive behavior can be realized. This highlights the importance of the spatial configurations of defects in the water adsorption properties. It should be noted, however, that the spatial arrangement of defects and the defect types were not exhaustively explored in this study (e.g., only one defect arrangement was studied for the defect density of 1/6 and only missing-linker defects were considered), and an extensive investigation of these effects can be an important subject of future studies. Overall, this work has illustrated the role of defects and offers a microscopic picture of their effects on the adsorption properties of water in MOFs.
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